Abstract-Indoor diffuse optical wireless (OW) communication systems performance is limited due to a number of effects; interference from natural and artificial light sources and multipath induced intersymbol interference (ISI). Artificial light interference (ALI) is a periodic signal with a spectrum profile extending up to the MHz range. It is the dominant source of performance degradation at low data rates, which can be removed using a high-pass filter (HPF). On the other hand, ISI is more severe at high data rates and an equalizing filter is incorporated at the receiver to compensate for the ISI. This paper provides the simulation results for a discrete wavelet transform ( 
I. INTRODUCTION
T HE availability of licence free huge bandwidth in the infrared (IR) range can be effectively utilized for indoor and outdoor optical wireless (OW) communications. IR communications with a low cost and a small size transceiver together with a secure link operation has the potential to play a major role in future personal communications [1] , [2] . The ever increasing bandwidth requirement per user ( 10 Mbps) and bandwidth congestion in the radio frequency (RF) systems have forced to look for alternative systems in certain applications. The RF communication systems, on the other hand, are technically more advanced offering more flexibility and mobility to end-users compared to the OW systems. Hence, OW systems may never replace RF-based schemes, but they certainly can operate in a complementary manner with preference depending upon the applications and environment. Relatively low cost, licence free secure link with immunity to electromagnetic interference and signal confinement within a room has made OW systems a viable solution for offering high data rates in a multitude of environments including university, railway stations, hospital, high-definition TV transmission within rooms, high-speed trains. OW systems using visible and IR light offers a bandwidth in range of THz, which, if fully utilized, would not require any wavelength multiple access techniques. On the other hand, cellular systems are relatively easy to implement in the IR domain offering high-performance with minimum inter-channel and adjacent channel interference since the cell coverage area can be specified precisely [3] . There has been a rapid industrial growth of application of both indoor and outdoor OW systems [2] , [4] , [5] . The outdoor OW links, also known as the free space optics (FSO), is already providing a commercial application in backbone long-haul communications using line-of-sight (LOS) links at data rates of more than 2.5 Gbps per wavelength [6] , [7] . However, progress and development in the indoor application is relatively slow because of lack of mobility. However, the scenario is changing quickly largely due to the bandwidth congestion in the RF domain. Installation of optical hotspots in public buildings (rail way stations, airports, etc.) providing data rates in the range of GHz is already commercially available. The future office design will include high speed optical hotspot points in specific locations and for particular applications [1] .
Basically three link topologies can be adopted for indoor applications: 1) LOS (directed and nondirected); 2) hybrid LOS; and 3) non-LOS. Directed LOS links requiring the least optical power and offering high data rates in excess of 1 Gbps is susceptible to blocking, restricts user mobility, thus requiring complex tracking systems [8] . Hybrid LOS systems provide mobility to a certain degree, but are less power efficient and suffers from blocking. Nondirected non-LOS (diffuse) topologies provide mobility and are less susceptible to blocking; hence, it is the preferred option for indoor applications. However, diffuse links suffer from the multipath induced ISI, thus limiting the maximum achievable data rates, for example 260 Mbps.m.s for a typical indoor OW system [9] . ISI also results in an additional power penalty that increases exponentially with the data rate.
In OW systems, signal degradation also arises from the ALI. The effect of ALI is more severe in indoor applications since the average transmitted optical power level is limited due to the skin and eye-safety considerations. The photocurrent at the receiver due to ALI is often greater than the signal current, thus causing severe degradation in the system performance. Without high-pass filtering, the optical power level required at the receiver for OOK is dBm cm irrespective of the bit rate [10] . An electrical high-pass filter (HPF) is incorporated in the receiver to remove the ALI; however, the use of the HPF in OOK systems provides insignificant improvements for data rates up to 10 Mbps [10] . HPF offers some improvement at higher data rates, but it introduces a form of ISI known as the baseline wander (BLW) effect, which is more severe for the baseband modulation techniques with a high-power spectral density (PSD) at the dc and low-frequency regions. Analog HPFs do not provide higher signal-to-noise ratio (SNR) gain; therefore, digital HPFs have been adopted in many systems [11] . However, the order of digital HPFs required for effective removal of ALI is 1000 [11] , thus making the system highly complex with a large delay time.
A receiver structure based on the continuous wavelet transform (CWT) and the artificial neural network (ANN) is studied in [11] for equalization and removal of ALI. The performance of the CWT-based receiver is comparable to a digital HPF with a cutoff frequency of 1 MHz. However, the problems associated with the CWT are: 1) a possibility of infinite scale with information overlaps between different scales, 2) the requirement to modify scales with changes in the data rate for optimum performance [11] , 3) since the selection of scale is carried out visually then it is prone to human errors, and 4) system realization using CWT is extremely challenging. These short-falls of CWT can be overcome by utilizing a DWT without affecting the system performance. Since the scales are dyadic and filter banks composed of HPFs and low-pass filters (LPFs) are utilized for realization of DWT, the complexity is much reduced compared to the CWT and digital HPFs.
For highly dispersive channels, the power penalty associated with multipath propagation becomes critical at high data rates. ISI due to the multipath propagation can be mitigated to an extent by using an equalizing filter at the receiver. Both linear equalizer and decision feedback equalizer (DFE) are effective for reducing consequence of ISI in indoor applications, with the later displaying slightly improved performance. Since transmission channel parameters are not known in advance and the physical channel is time varying; adaptive algorithms are the preferred option. In this scenario, a training sequence is transmitted to approximate channel characteristics, and is used at the receiver to adjust equalizer's parameters accordingly. The equalizing algorithm assumes that the channel is linear; however, dispersion induced by the channel is nonlinear in nature [12] . The received signal at each sampling instant may be considered as a nonlinear function of the past values of the transmitted symbols. Hence, if the channel is nonstationary, the overall channel response becomes a nonlinear dynamic mapping [12] . Thus, in time-varying environment, the equalization based on the filter is the non-optimum classification strategy as they have a linear decision boundary [13] , [14] . The optimum strategy would be to have a nonlinear decision boundary. Recently, several equalizers based on the multilayer perceptrons (MLPs) and the recurrent neural network with a nonlinear decision boundary have been studied for adaptive equalization [13] , [15] - [18] . In this paper, we have adopted MLP for equalization in indoor OW links.
In the presence of ALI, an equalizer is inadequate to provide improved system performance. ALI needs to be removed effectively before introducing equalizing filters. In this paper, a new method is proposed and studied for the compensation of adverse effect due to the ALI and ISI using the DWT and ANN, respectively. The ISI due to multipath propagation and ALI are often treated separately in the study of the indoor OW applications. This is due to the fact that one of them is the dominant source of system performance degradation. For example, for a low data rate 10 Mbps, ALI is the main source of interference as the use of a HPF does not provide any significant improvement in performance, and multipath induced ISI is insignificant and hence can be ignored. On the other hand, at high data rates ( 10 Mbps) and with inclusion of a HPF, ALI will have negligible effect on the performance in comparison to the ISI, which is the dominant source of interference. Though small, ALI also contributes to the performance degradation in the dispersive channel even at high data rates. Hence, simulations are carried out to examine the performance of OW systems employing a DWT-ANN-based receiver in a dispersive channel with ALI. Since DWT splits the signal into different frequency bands, the low-frequency noise can effectively be reduced by manipulating the DWT coefficients. On the other hand, ANN having the capability of forming a highly nonlinear decision boundary and with adaptability can be utilized in any physical transmission channels. Hence, the proposed system can practically be implemented in any physical channel.
The paper is organized as follows. A brief introduction to the diffuse indoor OW channel model is described in Section II. The basic concept of DWT denoising of ALI in indoor OW system is given in Section III as well as comparative studies of the power penalties for a LOS link employing DWT and HPF schemes. In Section IV, the ANN architecture for signal classification in a diffuse channel is presented. The performance of proposed DWT-ANN based receiver adopted for a diffuse channel with the ALI is presented in Section V with detail comparison with the HPF and a traditional equalizer for a range of data rates and delay spread. Finally, conclusions are given in the Section VI.
II. INDOOR OPTICAL WIRELESS COMMUNICATION SYSTEMS
Due to the cost and complexity factors, the intensity modulated and direct detection (IM/DD) scheme is the only feasible modulation for indoor OW communications. In IM/DD, the intensity of optical source is directly modulated by the input signal. The photocurrent of the photodetector is directly proportional to the instantaneous power incident optical signal (i.e., proportional to the square of received electric field). The complexity at the receiver is further reduced by introducing baseband modulation techniques such as OOK, pulse position modulation (PPM), digital pulse interval modulation (DPIM) [2] , [19] , [20] . The equivalent baseband indoor optical wireless model using OOK is shown in Fig. 1 .
The input sequence representing modulated signal is passed through a transmitter filter with a unit-amplitude impulse response of one slot duration to convert it to a continuous signal. Hence, the output of the transmitting filter is given as (1) where is the amplitude of the signal. The amplitude of the signal is scaled by the average optical power and transmitted through a multipath channel . The multipath propagation introduces delays between different signals arriving at the receiver from different paths, thus resulting in ISI. The signal dispersion caused by multipath propagation is modelled as a linear baseband impulse response [2] . Hence, the received signal in the absence of any noise is defined as (2) where the symbol denotes convolution. The optical signal is also corrupted by the background ambient noise due to artificial and natural lights, which is manifested in two different forms: the signal independent additive white Gaussian (AWG) shot noise and the interference introduced by the artificial light sources. ALI is deterministic and periodic with the potential of gravely impairing the link performance. The interference from a fluorescent light (FL) driven by an electronic ballast is the dominant cause of performance degradation as the interfering signal contains harmonics of the switching frequency that can extend into the MHz range [21] . An HPF is incorporated at the receiver to minimize the effect of the ALI. Without HPF, the input signal to the match filter is given by (3) where is the photodetector responsivity, is the AWGN with zero-mean and variance of , and is the fluorescent induced photocurrent comprised of low and high-frequency components, details of which can be found in [22] . The amplitude of the photocurrent due to interference is often larger than that produced by the signal and the optical power requirements are approximately given by the inference amplitude [10] .
The receiver incorporates a matched filter , matched to , with its output sampled at , where is the bit rate. Hence, the input signal to the decision device can be represented in a discrete form as (4) where is the discrete-time impulse response for the system given by (5) is given by (6 and is the sample output of the FL at the output of the matched filter given by (7) The output of the matched filter can be further processed using the equalizing filter and/or a digital HPF. In basic systems, is converted into the binary "0" and "1" using a predefined threshold level to estimate the date sequence . The estimated data stream is compared to the transmitted data stream to calculate the BER. In a LOS link without dispersion and ALI, the BER for OOK-NRZ with an optimum thresholding is given by (8) where is error function defined as
Since the ALI is often periodic and deterministic, the BER in presence of ALI is estimated by averaging over a interfering period and is given by [21] ( 9) where is the total number of bits over a 20-ms interval. In a dispersive channel, multipath induced ISI limits the maximum data rate that can be transmitted and also degrades the BER performance. The ISI at the decision bit depends on the transmitted bit pattern and the channel span . The BER is approximated by averaging over all possible bits sequence of length , and is given by (10) where and correspond to bit "0" and "1," respectively.
The ISI induced power penalty is severe for links with data rates above 10 Mbps. At higher bit rates (100 Mbps or more) the power penalty incurred in a diffuse channel is so large, thus making it less practical without equalization. The power penalty in the diffuse channel is associated with the normalized delay spread defined as where is the RMS delay spread related to the channel parameter and channel impulse response follows [23] (12)
where is the unit step response, , is the height between transmitter-receiver (Tx/Rx) and ceiling, and is the speed of light.
For a comparative study of different systems, optical power required to achieve a certain BER, is used. In this paper, the optical power penalty (OPP) is defined in the equation at bottom of the page.
Here, a BER of is used for the standard BER and the ideal channel indicates a LOS AWGN channel without any interference.
III. PERFORMANCE OF OOK IN LOS LINKS WITH DISCRETE WAVELET TRANSFORM
DWT is a multiresolutional analysis (MRA) tool in which signals are divided into half-frequency bands at each level of the decomposition as shown in Fig. 2 . The practical implementation of the MRA can be done using a filter bank [24] . The signal is passed through a series of HPFs and LPFs to analyze the high and low-frequency components, respectively as illustrated in Fig. 2(b) . The decomposition process involves the use of successive and to split the signal into its approximation and detail coefficients and down sampling by two. The outputs of the HPF and LPF and , respectively are given as [25] (14) (15) The HPF and LPF are associated with one another and satisfy the condition of a quadrature mirror filter, i.e., the sum of the magnitude response of HPF and LPF is equal to one for all frequencies as given by (16) where is the filter length.
The approximation coefficients can further be decomposed into different DWT coefficient levels with a maximum level of , where is the signal length. The reconstruction process involves reverse of the decomposition process. The signals at each level are up-sampled by two, passed through the synthesis filters and (HPF and LPF, respectively), and then added. However, the analysis and synthesis filters are the same, hence the reconstruction at each level is given by [11] (17)
Flexibility with the DWT is that at each level of decomposition coefficients can be analyzed and manipulated separately. In the denoising process, DWT coefficients that correspond to the interference are manipulated in such a way that the reconstructed signal will be free from interference. In OW applications, the received signal is mapped to different frequency bands and a frequency band corresponding to the ALI interference is removed from signal while reconstruction is performed. Since there is a frequency overlap between the ALI and OOK signals (with both signals having high PSD at a low-frequency region), it is not possible to denoise without losing some information about the signal. Hence, the denoising should be carried out in such a way to ensure that information lost is kept to a minimum level.
The DWT coefficients with 8th-level decomposition of the OOK signal at 100 Mbps and with ALI at a sampling time of 10 ns for both signals are depicted in Fig. 3 . The photocurrent at the receiver due to ALI is assumed to be five times that of the signal. Since both the signal and ALI have significantly low-frequency components, the amplitude of approximation coefficients are large for both signal and interference as illustrated in Fig. 3 . However, there is a clear difference in the detail coefficients with the ALI having almost zero values and the signal nonzero values. This difference in DWT coefficients can be utilized to remove the noise from the signal. In this paper, approximation coefficients are made zero at a certain level of decomposition and only the detail coefficients are retained in the decision-making process.
The received signal with ALI and the eye-diagrams of the received signal with ALI are illustrated in Fig. 4 . For the reconstruction of the signal, the approximation coefficients at the 8th level of decomposition are made zero and the signal is reconstructed using the inverse process given in (17) . The eye-diagram clearly shows the effectiveness of the wavelet denoising. The complete eye closure in Fig. 4(b) is for the case of received signal with ALI, while the effect of denoising is clearly illustrated in the eye opening in Fig. 4(c) . Further analysis of the effectiveness of the DWT can be done in terms of the OPP.
DWT offers flexibility in the analysis where different mother wavelets could be adopted. The OPPS linked to different mother wavelets are listed in Table I . Only selected mother wavelets from the Daubechies (db), Symlet (sym), discrete Meyer wavelet (dmey) biorsplines (bior), and Coiflets (coif) families with the best and the worst performance are listed. The Haar wavelet (db1) and the db8 show the worst and best performance, respectively, followed closely by the db10 and sym9. Hence, in all simulation results discussed hereafter, the db8 is used for DWT denoising. Fig. 5 shows the OPP against the data rates for a LOS link and for four different scenarios: an ideal channel, ALI without filtering, ALI with a digital HPF, and ALI with DWT denoising. In [11] it is shown that the analog HPF displays much inferior performance compared to the digital HPF; hence, it is not considered in this study. The digital HPF comprises of an equiripple FIR filter with the cutoff and passband frequencies of 0.5 MHz and 1 MHz, respectively. The number of decomposition levels for the DWT is calculated using: where is the ceiling function. The cutoff frequency for the DWT is also made equal to 0.5 MHz to match with the HPF. DWT shows marginally lower OPPs dB and higher OPPs ( 0.5 dB) compared to the HPF and the ideal channel, respectively, at higher data rates of 20 Mbps (see Fig. 5 ). In [11] , it has been reported that at higher data rates, the CWT-ANN system displays marginally lower performance than the traditional receiver employing a filter with of 1 MHz, showing 1 dB penalty for a filter with of 0.5. In our study, we show that the DWT-based receiver outperforms a receiver employing a filter with of 0.5 MHz.
The normalized OPPs against the decomposition levels and the filter cutoff frequencies for a range of data rates (20, 50, 100, and 200 Mbps) for HPF-and DWT-based receivers, respectively, at a BER of is depicted in Fig. 6 . The OPPs are normalized to that of an ideal channel for the same data rates. Both plots display threshold (optimum) levels beyond which the OPP increases exponentially. For DWT the lowest threshold level is at for 200 Mbps. Since DWT decomposes signal in a logarithmic scale, the value of at which OPP is minimal increases by one when the data rate doubles. In case of the HPF, the optimum cutoff frequency is 0.2 MHz for all data rates. Note, it is not possible to define precise cutoff frequencies for DWT (as only the integer value of is possible). The results shown in Fig. 6 indicate that the wavelet-based receiver, with no parameter optimization, displays similar or better performance compared to the best achieved with the HPF. This makes the denoising process faster and more convenient.
In addition to the performance improvement, a key advantage of the DWT is the reduced system complexity. For the optimum performance, the value of varies from 6-9 (Fig. 6 ). For the input signal length of , the total number of floating point operations (only multiplication is taken into consideration here) for the first level of decomposition is . For the second stage, the length of input signal is and the total number of operations is and so on. Hence, the DWT requires a maximum of 2 operations for analysis and synthesis meaning the maximum number of floating point operations is 4 . Since for Daubechies 8 "db8," the maximum number of the operations is 60 . For an HPF of order , the total number of floating point operations is
. At a date rate of 200 Mbps and with a of 0.2 MHz, the filter order is 2148, thus illustrating much reduced complexity of the DWT. Moreover, the realization of the DWT is also simpler compared to the HPF as a repetitive structure is used at each level of analysis and synthesis. Hence, only a 15th-order filter is required to realize for the DWT compared to a filter of 2148 orders for the HPF.
IV. ANN-BASED EQUALIZER
The multipath induced ISI limits the unequalized data rates that can be achieved. Beyond certain data rates, the power penalty due to the ISI becomes considerably large for any practical applications; hence, an equalizer is incorporated at the receiver to compensate for the ISI induced power penalty. Traditionally, a digital filter with adjustable tab coefficients was used for the equalization. The adaptive equalization techniques, in which channel parameters are estimated at the receiver by transmitting a training sequence, are widely used in practical channels [26] . Recently ANN-based equalizers have been extensively studied as ANN provides more flexibility and robustness. The main characteristic that makes the ANN very attractive for the channel equalization is its ability of forming a nonlinear decision boundary, which is the optimum for equalizing a time-varying channel [13] , [15] . The adaptability, parallel processing, self-organization, universal approximation, and the capability of tackling a highly nonlinear problem are other advantages of the ANN when compared to the traditional equalizers.
The structure of an ANN-based DFE is depicted in Fig. 7 . As in traditional DFE, there are feed-forward and feedback loops. With no feedback loop the structure would be equivalent to a traditional linear equalizer. The ANN used in this study is the feed-forward back-propagation multilayer perceptrons with supervised training. As in other adaptive equalization schemes, channel parameters are approximated by transmitting a training sequence which are used to adjusts the ANN free parameters to minimize the difference between target and actual outputs. However, the concept of equalization is different from the traditional channel compensation mechanisms. With ANN, the task of the receiver is to classify the received signal vector in one of the two classes: binary 0 and binary 1. The effectiveness of the ANN as a classifier depends upon the training sequence and the training algorithms. ANN is capable of compensating for the ISI even in a highly dispersive and time-varying channel, outperforming the traditional equalizers for both linear and nonlinear channels [12] , [27] . In the case of indoor OW applications, ANN equalizers show identical performance to the traditional equalizers for all channel conditions [28] , [29] and therefore these results will not be reported here.
V. DWT-ANN-BASED RECEIVER IN DIFFUSE LINKS WITH ALI
The receiver block diagram of an OW link employing the DWT-ANN equalizer is illustrated in Fig. 8 . The receiver structure is similar to the traditional structure with the DWT and ANN replacing the traditional HPF and the adaptive equalization. For channels with no ALI, the DWT block can be removed without degradation in the system performance. However, with no HPF or DWT there is no improvement in the performance, this is because ALI is the dominating source of noise. Simulations are carried out for comparative studies of the DWT-ANN based receiver and a HPF-traditional FIR filter equalizer under the same channel conditions. All the major simulation parameters for both systems are tabulated in Table II . Fig. 9 shows the optical power penalty at a BER of over a range of data rates for indoor OW links (LOS and diffuse) with of 10 ns. DWT-ANN and HPF-FIR equalizers are only used for the diffuse links. For comparison, the optical power penalty for a LOS link with an ideal AWGN channel without ALI, the unequalized system without ALI and an ANN equalizer with no ALI are also shown. At a low data rate region ( 20 Mbps) with no ALI, the optical power penalty is the lowest ( 2 dB) for an ideal LOS link and a diffuse link with/without an ANN equalizer. The diffuse link with no equalizer displays an exponential raise in the power penalty. At higher data rates, as expected, the LOS link power penalty is the lowest reaching 6.5 dB at a data rate of 200 Mbps compared to all other cases. The ALI interference can be effectively reduced using either DWT-ANN or HPF equalizers even for the diffuse link. At high data rates ( 80 Mbps) the DWT-ANN displays marginally lower and higher power requirement compared to the HPF-equalizer receiver and the ANN equalizer with no ALI, respectively. However, compared to the ideal LOS link the power penalty is high reaching 6 dB at 200 Mbps data rate. Fig. 10 illustrates the optical power penalty for a range of at a data rate of 200 Mbps and a BER rate of for equalized and unequalized systems with/without ALI. The system with no equalization shows the worst power penalty increasing exponentially at , thus resulting in irreducible BERs. Both DWT-ANN with ALI and ANN with no ALI display a lower-power requirement when compared to the receiver with a HPF-equalizer over the full range of . For the equalized and DWT-ANN systems offer a 0.5-dB power advantage over the unequalized case increasing to 1 dB at of 0.4.
VI. CONCLUSION
A receiver structure based on the DWT and ANN was introduced for effective removal of the ALI and multipath induced ISI in indoor OW links. At the receiver, by properly manipulating the DWT coefficients the effect of the ALI is minimized, whereas ISI effect is reduced by means of the ANN-based channel compensator. The simulation results obtained illustrated that the proposed receiver is highly effective in reducing the ALI and ISI, with performance surpassing the traditional HPF-equalizer-based receiver schemes in the presence of FLI. In LOS links, the DWT provides an improved performance compared to the HPF and marginally inferior performance compared to the channel without ALI. In the dispersive channel with ALI, results showed that the DWT-ANN receiver provides the best performance offering SNR gain of 0.5 dB compared to the HPF-equalizer receiver. In fact, the DWT-ANN system in presence of ALI in a diffuse channel can closely match the performance of a link with no ALI. In addition to the performance improvement, further key advantages of the DWT-ANN based receiver compared to the traditional receiver structures are the reduced system complexity and increased flexibility. The DWT-based denoising scheme is able to match the best performance obtained using the HPF without the need for parameter optimization. The system has the potential to be applicable to other digital communication systems though this study was limited to the indoor OW applications.
